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Flavonoids as Analytical Reagents

Krystyna Pyrzynska and Anna Pekal

Department of Chemistry, Warsaw University, Warsaw, Poland

Compounds from the flavonoid family, while exhibiting a wide range of biological effects, are
interesting reagents for analytical purposes as well. They form complexes with several p-,d-, and
f-electron metals, which could be employed in the determination of these metal ions in different
kinds of samples by various techniques. This article presents and discusses the application of
flavonoid compounds as chromogenic agents in spectrophotometric and fluorometric detection,
as complexing modifiers in solid phase extraction for preconcentration and separation of metal
ions, and in adsorptive voltammetry for the determination of metals. Selected applications are
included to illustrate the scope and limitations of the various approaches.
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INTRODUCTION

Flavonoids, benzo-y -pyron derivatives with several hydroxyl
groups attached to ring structures C4-C3-Cg, are one of the most
important groups of compounds occurring in plants. They can be
categorized as flavonols, flavanones, flavones, anthocyanidins,
and isoflavones (Figure 1). Flavonoids exhibit a wide range
of biological effects, including antibacterial, anti-inflammatory,
anti-allergic, and antithrombotic actions (Boots et al., 2008;
Aherne and O’Brien, 2002). Epidemiological studies point to
their possible role in preventing cardiovascular diseases and
cancer. Flavonoids behave as antioxidants in a variety of ways,
including direct trapping of reactive oxygen species, inhibition
of enzymes responsible for superoxide anion production, chela-
tion of transition metals involved in processes forming radicals,
and prevention of the peroxidation process by reducing alkoxyl
and peroxyl radicals (Heim et al., 2002). Generally, by chelat-
ing metal ions, flavonoids prevent metal-catalyzed free radical
generation and their subsequent reactions and accordingly pro-
tect very important biologically active molecules from oxidative
stress (Fiorani et al., 2002).

Experimental data indicate that chelated compounds are more
effective free radical scavengers than flavonoids alone (Kostyuk
etal., 2001; Pekal et al., 2011). For example, complexes of rutin
and green tea epicatechins with Fe(Il), Fe(IIl), and Cu(II) are
more effective radical scavengers than the corresponding free
flavonoids due to the acquisition of additional superoxide dis-
mutating centers (Kostyuk et al., 2001). Complexes of Cd(II)
and Mn(II) with quercetin showed significant activity as a bac-
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tericide against B. cereus whereas sodium peniclinate exhibited
no activity (Bravo and Anacona, 2001).

All types of flavonoids possess three domains able to react
with metal ions: the 3’-4’-dihydroxy system located on the B
ring and the 3-hydroxy or 5-hydroxy groups and 4-carbonyl
group in the C ring (Figure 2). Cornard and Merlin (2002)
have reported that in acidic conditions, the 3-hydroxy-4-ketone
or the 5-hydroxy-4-ketone groups of quercetin are involved in
complex formation with the stoichiometry of Me:LL = 1:1. In
alkaline media, the second implicated site is the 3’,4’-dihydroxy
group located on the B ring, which allows formation of high sto-
ichiometry complexes (1:2). For steric reasons the complexes
usually include no more than two flavonoid molecules, however,
four different Al-quercetin stoichiometries have been proposed,
1:1, 1:2, 1:3, and 2:3 (Cornard and Merlin, 2002; De Souza and
De Giovani, 2005). It was demonstrated that the degree of com-
plex formation was dependent on the Al-ligand ratio and the
solvent system employed; in general, methanol favored forma-
tion of the 1:2 dimer, whereas dimeric complex was suppressed
in acetonitrile and i-propanol. The formation of 3:1 complexes
of morin (WoZnicka et al., 2007) and quercetin (Zhou et al.,
2001) with rare-earth metal ions has been reported.

Flavonoids act as weak polybasics, so pH plays an import ant
role in complex formation. The optimal pH for complex forma-
tion is around 6, although it strongly depends on the metal ion.
At pH below 3.0, flavonoids remain undissociated, which is un-
favorable for complex formation. At high pH values flavonoids
are deprotonated and form more complex species. Furthermore,
at higher pH values metal ions cause side reactions (hydrolysis)
and hydroxocomplexes are formed (Grazul and Budzisz, 2009).

Spectroscopic studies indicated the reaction of quercetin
with Cu(Il) resulted in the formation of 1:1 metal-ligand
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FIG. 1. Chemical structures of the common classes of
flavonoids. Representative compounds are shown in brackets.

complex through the carbonyl oxygen and 3-OH group in the
C ring (Pekal et al., 2011). Then quercetin is oxidized to the
benzoquinone-type products and Cu(Il) is rapidly reduced to
Cu(I). The addition of ethylenediamine tetraacetic acid (EDTA)
destroyed the complex but did not regenerate the whole original
spectrum of quercetin. On the other hand, the presence of EDTA
inhibits formation of that complex and quercetin oxidation.
Fernandez et al. (2002) reported that quercetin does not appear
to form complexes with Cu(I). The higher reducing capacity
of quercetin for Cu(Il) than for Fe(IlI) has been mentioned in a
few studies (Fernandez et al., 2002; Mira et al., 2002; EI Hajji
et al., 2006). The redox properties of flavonoids largely depend

OH I

HO

Benzoyl band Il
A =240-280 nm

Cinnamoyl band |
A=320-385nm

FIG. 2. Schemes of possible sites for complexation of metal
ions with quercetin and the division of band I and II related to
UV-VIS absorption bands.

on the number and position of hydroxy groups in the molecule
(Brown et al., 1998).

The ability of flavonoids to form complexes with some p-,
d-, and f-electron metals makes them interesting reagents for
analytical purposes. The formed chelate complexes serve as
a basis of the determination of metals by various techniques.
This article discusses the application of flavonoid compounds
as chromogenic agents in spectrophotometric and fluorometric
detection, as complexing modifiers in solid phase extraction for
preconcentration and separation of metal ions, and in adsorptive
voltammetry for the determination of metals.

CHROMOGENIC AGENTS

Flavonoids exhibit two major absorption bands in the ultra-
violet/visible region (Figure 2). The absorptions in the 320-385
nm range correspond to the B ring portion (cinnamoyl system,
band I) and the absorptions in the 240-280 nm range correspond
to the A ring portion (benzoyl system, band II). The spectra are
related to the 7 — 7* transitions within the aromatic ring of
the ligand molecules. In comparison with flavonoid absorption
spectra, those of the metal complexes are shifted to the long-
wavelength region. Such bathochromic shift can be explained by
the extension of the conjugated system with the complexation
(De Souza and De Giovani, 2005).

The complexes formed make the basis of the determination
of metals by UV-VIS spectrophotometry and spectrofluorimetry.
Morin and quercetin serve mainly as the chromogenic agents in
analytical procedures for determination of AI(III) (Ahmed and
Hossan, 1995; Lian et al., 2003a,b; Al-Kindy et al., 2003; Safvi
etal., 2003; Saad et al., 2002), Cr(III) (El-Sayed et al., 2000; EI-
Sayed and Khalil, 1996), W(VI) (El-Sayed et al., 2000), Fe(III)
(El-Sayed and Khalil, 1996), Ge(IV) (Garcia-Campaiia et al.,
2001), Zr(IV) (Saad et al., 2002; Wang et al., 2000), Hf(IV)
(Wang et al., 2000), and Mo(VI) (El-Sayed and Khalil, 1996).
In contrast to these flavonoids, their sulfonate derivatives are
highly soluble in water. The presence of sulfonate groups does
not considerably change the acidic properties of —OH groups but
increases the acidic properties of the molecules (Kopacz, 2003).
This can be considered as an advantageous property due to the
fact that it precludes the possibility of metal ion hydrolysis.
Maximum absorption bands of the complexes formed mostly
occur in the range of 400470 nm with molar absorptivities (&)
at the level of 10°~10* L/mol cm.

Aqueous micellar media are often used to solubilize
complexes and to enhance the sensitivity of metal detection
(Safvi et al., 2003; Saad et al., 2002; El-Sayed et al., 2000;
El-Sayed and Khalil, 1996; Garcia-Campaiia et al., 2001). In
some cases substantial increase in the value of molar absorp-
tivities up to 10° L/mol cm level was observed (Saad et al.,
2002; El-Sayed et al., 2000). The spectrophotometric and
fluorimetric methods are precise and reliable, but flavonoids
are not selective reagents. To minimize the interfering action
of other metal ions present in natural samples, typical masking
agents such as tartrates (Ahmed and Hossan, 1995; Saad et al.,
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2002), 1,10-phenantroline and hydroxylamine (Al-Kindy et al.,
2003), as well as fluorides and thiourea (Saad et al., 2002) were
used. In some cases a preliminary step before determination for
the enrichment and separation of the analyte has been proposed
(Hosseini et al., 2009; Escriche and Hernandez, 1985).

Application of the resonance Rayleigh scattering (RRS) de-
termination of trace amounts of aluminum in natural waters
and biological samples has been reported (Long et al., 2001).
The method was based on the formation of a ternary Al(III)-
morin-surfactant complex with the maximum scatter peaks
at 476 nm for cetyltrimethylammonium bromide as a surfac-
tant. It was found that this system showed two optimal pH
values—one in the acidic medium and the other in the alkaline
region—depending on the different affinities of AI(III) for or-
ganic ligands. Thus, the RRS method was used for the analysis
of Al speciation in natural water samples. The labile monomeric
Al fraction was determined at pH 5.8, while the total monomeric
Al fraction was quantified at pH 9.1.

A reversed-phase high-performance liquid chromatography
(HPLC) with fluorescence detection for the determination of la-
bile monomeric AI(IIT) has been developed through pre-column
complexation with morin (Lian et al., 2003a,b). The highly fluo-
rescent aluminum-morin complex was separated on a Spherisorb
ODS 2 column with an eluent consisting of methanol-acidified
water (30/70, v/v) eluent. The most remarkable point of this
procedure was that only the most toxic aluminum species, e.g.,
positively charged monomeric aquo- and hydroxy-Al species
plus the complexes with weak phenolic ligands such as salicylic
and caffeic acids, selectively respond among different aluminum
complexes. This strategy has been applied to direct fraction-
ation of this metal in natural waters and biological samples
without sample pretreatment. Figure 3 shows the obtained chro-
matograms for different kinds of samples (Lian et al., 2003b).

Recent studies on the interaction of quercetin and morin with
noble metals have shown that in hydrochloric acid solution the
redox reaction occurs. The introduction of Au(IIl) (Balcerzak
et al., 2006), Ru(IV) (Balcerzak et al., 2004), or Os(VIII)
(Kosiorek-Rupifiska et al., 2006) into a solution of these
flavonoids results in the transformation of ligands into a new
species exhibiting a stable absorption band at 291 nm. This
band corresponds to the oxidized form of flavonoids identified
as quinone. Similar reaction products were obtained when
quercetin was replaced by its sulfonate derivative (quercetin-5’
sulfonic acid) (Balcerzak et al., 2004). No interaction of Pd(II)
and Pt(IV) with flavonoid reagents has been observed in chlo-
ride solutions. The amount of the generated oxidized form of
quercetin or morin corresponds to the concentration of Rh, Au,
and Os in a solution, and it was used as the basis of a spectropho-
tometric method for the determination of this metal (Balcerzak
et al., 2006; Balcerzak et al., 2004; Kosiorek-Rupiriska et al.,
2006). The calculation of the first-derivative spectrum al-
lowed reaching a better detection limit (0.01 pg/mL) for
determination of Os(VIII) than with direct spectrophotometry
(0.1 pg/mL) (Kosiorek-Rupinska et al., 2006). Moreover,
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FIG. 3. Chromatograms of Al.-morin complex in different kinds
of samples (Lian et al., 2003b).

as chlorocomplexes of Os(IV) do not react with quercetin,
it was possible to make speciation analysis of this metal.
The signal of OsCls>~ was isolated from the mixture by the
calculation of the third-derivative spectrum. The reaction of
Au(IIT) with quercetin and morin proceeds significantly slower
than that when Ru(IV) was used as oxidant. The increase in
temperature resulted in a shorter reaction time, e.g., 30 min at
70°C (Balcerzak et al., 2006; Balcerzak et al., 2004).

A highly sensitive method has been proposed for direct spe-
ciation determination of trace amounts of chromium in wa-
ter samples using quercetin (Hosseini and Belador, 2009). The
mixing of quercetin (in n-amyl alcohol) is accomplished with
luminescence quenching of the organic phase due to partial oxi-
dation of flavonoid content. Cr(VI) is determined by measuring
the diminished content of quercetin with the spectrofluoromet-
ric method (Aex = 276 nm, A, = 331 nm). After oxidation
of Cr(Ill) to Cr(VI) and determination of total chromium, the
content of Cr(Ill) could be obtained by subtracting. No con-
siderable interference was observed due to the presence of co-
existing cations and anions. Redox reaction between Fe(III)
and flavonoids (morin, quercetin) was also applied for spec-
trophotometric determination of Fe(IIl) in Fe(II) samples (Bal-
cerzak et al., 2008). The detection limits were 0.06 pg/mL and
0.38 ng/mL when using quercetin and morin, respectively. Any
redox reaction between Fe(Ill) and myricetin (with 5 —OH
groups) was not observed (Sungur and Uzar, 2008). Instead
of this, Fe(Ill) formed complexes with this flavonoid in a 1:2
molar ratio at pH 4 (Apmax = 420 nm) and in a 1:1 molar ratio at
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PH 6 (Amax = 440 nm) with the stability constant values of 2.5
x 10 and 3.6 x 107, respectively.

Selected examples of the application of morin and quercetin
as chromogenic agents to the determination of metal ions are
presented in Table 1.

COMPLEXING MODIFIERS IN SOLID PHASE
EXTRACTION

Despite continuous progress in the detectability of instru-
mental methods for analysis, a direct determination of trace
metal ions in environmental samples is still very often diffi-
cult because of insufficient sensitivity and selectivity of the
methods used. Therefore, pretreatment steps in analytical pro-
cedures, such as preconcentration and/or selective separation of
the analyte before its determination, are frequently necessary
in order to reduce the effect of interference present in the ma-
trix. Among the different techniques that can be used for this
purpose, solid-phase extraction (SPE) using various sorbents
has been developed very intensively in recent years (Pyrzynska
and Trojanowicz, 1999; Camel, 2000; Pyrzynska, 2010). SPE
offers a number of important advantages compared to classical
liquid-liquid extraction such as higher enrichment factors, better
recoveries, less consumption of organic solvents, quicker phase
separation with the absence of emulsion, and more scope for
coupling to different detection techniques.

Many materials, such as divinylbenzene polymers, modi-
fied silica gels, carbon-based sorbents, and polyurethane foams
could be employed in SPE for separation/preconcentration pur-
poses (Augusto et al., 2010; Lemos et al., 2007; Prasado Rao
et al., 2004; Jal et al., 2005). Complexing resins are especially
interesting due to their higher selectivity than single polymeric
matrices. Complexing reagents can be introduced into the sor-
bent by two different means: (i) the chemical bonding of these
reagents on existing sorbents (functionalized sorbents), and (ii)
the physical binding of the chelate ligand on the sorbent sur-
face (modified or loaded sorbent). Physical binding is the most
simple to use in practice. However, chemical bonding allows
elevated lifetime for the column due to covalent bonds between
the ligand and the support. This property avoids the possible
flushing and loss of the complexing regent from the column
during the elution step.

Synthesis of chelating resins containing a covalently bound
flavonoid molecule as a functional group has been mostly con-
ducted using silicas matrices (Szczepaniak and Szymanski,
1996; Azeredo et al., 2002; Abou-El-Sherbini and Hassanien,
2004; Zaporozhets et al., 2000, 2001; Hassanien and Abou-
El-Sherbini, 2006). The functionalization step was usually per-
formed via the Mannich-type reaction (Figure 4). Quercetin
immobilized on silica gel has been successfully applied for en-
richment of Mo(VI) in a slightly acidic solution (pH = 5.0)
(Azeredo et al., 2002) as well as of Be(Il) at pH 7 (Szczepaniak
and Szymanski, 1996). Synthesis of controlled-pore silica glass
functionalized with quercetin was reported by Abou-El-Sherbini
and Hassanien (2004). This sorbent was used for the separation

and preconcentration of Mn(II), Co(II), Ni(II), Cu(II), and Zn(II)
atpH 7.5-8.5. The sorption capacity for these metal ions were in
the range of 0.24-0.46 mmol/g, indicating a 1:2 quercetin-metal
chelation for all metal ions except for Mn(II), for which a 1:1
ratio was suggested. Silica gels with immobilized quercetin (Za-
porozhets et al., 2001) and morin (Zaporozhets et al., 2000) were
used for sorption-spectrophotometric determination of Sn(IV)
and Zr(IV), respectively.

A morin chelating resin was synthesized using aminated
poly(vinyl chloride) as a starting material (Luo et al., 1992).
It showed high affinity for Mo(VI) and W(VI) ions at pH 2.
A similar affinity was also exhibited for Fe(IIl), but the in-
terference from the presence of these ions can be eliminated
by addition of ascorbate. The capacities of the resin were
4.17 mmol/g and 0.762 mmol/g for molybdenum and tungsten,
respectively.

ADSORPTIVE VOLTAMMETRY FOR THE
DETERMINATION OF METALS

Adsorptive stripping voltammetry (AdSV) is not only an ex-
tremely sensitive electrochemical technique for determination
of trace metals in various matrices but also exhibits high selec-
tivity. The formed metal chelates are adsorbed and accumulated
on the working electrode by a non-electrolysis process. Then,
depending on the oxidation-reduction properties of the accumu-
lated analyte, the determination is carried out by scanning the
potential in the appropriate negative or positive direction. The
peak potential (Ep) is characteristic of the given metal and it can
be used for qualitative identification, whereas the peak current
(Ip) is proportional to the concentration of the corresponding
analyte. Since stripping curves/peaks for various analytes occur
at characteristic potentials, several metal species can often be
determined simultaneously.

A mercury film electrode and a hanging mercury drop
electrode have been traditionally used for AdSV because
of the advantageous analytical properties of mercury in the
negative potential range; however, in recent years the most
popular schemes used to substitute mercury electrodes in-
clude carbon paste electrodes, polymer film electrodes, and
carbon nanotube electrodes (Economou, 2010; Zima et al.,
2009).

From the flavonoid family, morin is the most frequently used
as a complexing reagent for trace amount determination of metal
ions by AdSV (El-Maali et al., 1997; Zhou et al., 1998; Hajian
and Shams, 2003, 2006; Liu et al., 2000; Shams et al., 2004)
(Table 2). Except for the possibility to determine a single metal
ion with high sensitivity, this technique was successfully used
for simultaneous determination of bismuth and copper (Hajian
and Shams, 2003) as well as copper, zinc, and lead (Shams et
al., 2004) in some natural and synthetic samples with satisfac-
tory results. Aranciba et al. (2009) applied morin-5"-sulfonic
acid and sodium dodecyl sulfate (SDS) for determination of
lead by AdSV. The sulfonic group of the ligand, which does
not participate directly in the metal-ligand bond, contributes a
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1. Binding a linking ligand with silica
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FIG. 4. Scheme for the immobilization of morin on silica gel (based on Szczepaniak and Szymanski, 1996).

negative charge, which strengthens the bond with the surfactant
and then with the electrode. The formed complex was accumu-
lated at the surface of the hanging mercury drop electrode and
after reduction at —0.48 V peak current was measured by square
wave voltammetry. In the presence of small amounts of SDS,
the peak current of the complex was increased. The possible
mechanism of this enhancement effect involves the formation
of negatively charged micelles of SDS with the lead complex
and the positive charge of the mercury electrode to potentials of
about —0.40 V. The detection limit of 0.04 ug/L. was obtained
and this method was applied to the determination of Pb(II) in tap
and sea water samples after UV digestion (Hajian and Shams,
2006).

A series of new quercetin-modified carbon paste electrodes
(Qu/CPE) were fabricated and investigated for simultaneous
determination of copper, lead, and zinc based on their voltam-
metric response (Xia et al., 2010). Compared with Qu/CPE
and quercetin ionic liquid—modified carbon paste electrodes
(Qu-IL/CPE), the carbon paste electrode modified with hexag-
onal mesoporous silica (HMS) immobilized quercetin (HM-
SQu/CPE) exhibited higher sensitivity and selectivity toward
the detection of studied metal ions due to high surface area,
numerous active sites, and strong adsorption ability of HMS
(Figure 5). Detection limits of 0.32 ug/L, 0.17 ug/L, and 0.11
ug/L for Cu(Il), Pb(Il), and Cd(II) were obtained, respectively.
This novel electrochemical method was applied to the analysis
of soil samples.
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FIG. 5. Differential pulse voltammograms of 1.0 uM (each)
multicomponent Cu(IL)/Pb(II)/Cd(II) solution at: (a) quercetin-
modified carbon paste electrode (Q/CPE); (b) quercetin ionic
liquid—modified carbon paste electrode Qu-IL/CPE; and (c) car-
bon paste electrode modified with hexagonal mesoporous sil-
ica immobilized quercetin (HMS-Qu/CPE). Conditions: 0.1 M
HCOONa-HCI (pH 4.7); preconcentration potential 0.6 V; pre-
concentration time 120 s (Xia et al., 2010). (Figure available in
color online.)

CONCLUSIONS

Compounds from the flavonoid family, in addition to exhibit-
ing a wide range of biological effects, are interesting reagents
for analytical purposes. They form complexes with several p-,
d-, and f-electron metals that could be employed in the de-
termination of these metal ions in different kinds of samples
by various techniques. The application of flavonoids as chro-
mogenic reagents in spectrophotometric and fluorimetric detec-
tion allows developing very sensitive analytical procedures for
metal quantification with molar absorptivities in the range of
10°-10° L/mol cm. The highly fluorescent aluminum-morin
complex was applied to chromatographic analysis and direct
fractionation of this metal in natural waters and biological sam-
ples without sample pretreatment. The redox reactions between
flavonoids and some metal ions at higher valence state were
utilized as a basis of the spectrophotometric method for the
determination of these metals as well as their speciation analy-
sis, as was shown in the case of iron, osmium, and chromium.
Flavonoids could also be used as complexing modifiers in solid
phase extraction for preconcentration and separation purposes
to increase the sensitivity of analytical measurements and in
adsorptive voltammetry for the determination of metals.

Among flavonoid compounds, morin and quercetin as well
as their sulfonate derivatives are the most frequently used in the
proposed analytical procedures, probably due to the high cost
of other reagents. However, the complexes of metal ions with
other flavonoids such as rutin (De Souza and De Giovani, 2005;

Bai et al., 2004), luteolin (Jungbluth et al., 2000), myricetin
(Sungur and Uzar, 2008; Jungbluth et al., 2000), genistein
(Dixon and Ferreira, 2002), and naringenin (Wang et al., 2006)
have also been synthesized and characterized. In the future they
will probably be employed more in analytical procedures.
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